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Unexpectedly Complex Regulation of CD4/CD8
Coreceptor Expression Supports a Revised Model
for CD41CD81 Thymocyte Differentiation
Bruno Lucas and Ronald N. Germain number of TCR-bearing immature cells with surface ex-
pression of both the CD4 and CD8 molecules (Pe´nit etLymphocyte Biology Section
al., 1995), which have specificity for conserved featuresLaboratory of Immunology
of class II (Doyle and Strominger, 1987) and class I (Nor-National Institute of Allergy and Infectious Diseases
ment et al., 1988) MHC molecules, respectively.National Institutes of Health
The transition from these immature CD41CD81 cellsBethesda, Maryland 20892-1892
to mature CD41CD82 (CD41) or CD42CD81 (CD81) T
cells is instead dependent on specific signaling events
involving TCR and CD4/CD8 recognition of MHC mole-Summary
cules on thymic stromal cells. In the absence of the
expression of both MHC class I and class II molecules,CD41CD81TCRlo thymocytes are the precursors of
thymocyte development is arrested at the CD41CD81CD41 and CD81 mature T cells, whose receptors show
stage (Chan et al., 1993a; Crump et al., 1993; van Meer-specific recognition of peptide–MHC class II and MHC
wijk et al., 1995). Full differentiation along either theclass I complexes, respectively. How T cells emerge
CD41 pathway or the CD81 pathway requires a matchfrom the intrathymic differentiation process with se-
between the MHC class specificity of theTCR of a partic-lective expression of either CD8 molecule or CD4 mol-
ular cell and the MHC class specificity of the CD4 orecule coordinated with the MHC class specificity of
CD8 protein (termed the coreceptor) expressed by thethe TCR has been the subject of intense examination.
mature cell. Thus, in mice deficient in MHC class I mole-Many previous studies of this question have been
cule expression, very few mature CD81 T cells arisebased on the assumption that extinction of CD4 or
although CD41 T cell development is normal, whereasCD8 expression by the precursor thymocytes was a
the reverse is seen in animals lacking MHC class II mole-steady, uninterrupted process. Here we show that this
cule expression (Koller et al., 1990; Cosgrove et al.,is an incorrect assumption, with CD4 and CD8 expres-
1991).sion undergoing an unexpectedly complex series of
Two general models have been proposed to accountexpression changes involving down-modulation, ki-
for the emergence of mature T cells with this strikingnetically asymmetric up-regulation, and then selective
correlation among TCR specificity, coreceptor expres-loss. Based on these data, we propose a model for
sion, and MHC molecule recognition. The “instruction”the differentiation pathway of ab TCR thymocytes that
model postulates that a distinct signal is provided toexplains previous, apparently contradictory findings
the precursor CD41CD81 cells by coengagement of the
and establishes useful parameters for future studies
TCR plus either CD4 or CD8. The different signals in
at the cellular and gene level.
turn drive the cell into one or the other developmental
lineage, with concomitant extinction of expression of
Introduction the inappropriate coreceptor gene (von Boehmer, 1986;
Teh et al., 1988). In contrast, the “selection” model ar-
T cell differentiation, selection, and maturation are com- gues that lineage choice is not specifically entrained in
pleted in the thymus through a complex process involv- a cellby unique signals fromthe CD4 orCD8 coreceptors
ing cell proliferation, T cell receptor (TCR) gene re- upon MHC binding. Rather, the cell initiates either a
arrangement, cell death, and alterations in surface preprogrammed or stochastic processupon TCR signal-
protein expression (Scollay and Godfrey, 1995). A sub- ing following recognition of either class of MHC mole-
stantial effort has been made over the past three de- cule, which results in shut-off of one or the other core-
cades to understand the cellular, biochemical, and ge- ceptor locus and activation of a specific effector
netic events that underlie the intrathymic differentiation function program. During later stages of differentiation,
of incompletely committed hematopoietic precursor the resultant cells are then tested for a suitable match
cells into mature T lymphocytes of the CD4 and CD8 between their TCR specificity and the MHC class speci-
lineages (Robey and Fowlkes, 1994). Early studiesbased ficity of the retained coreceptor. Only those cells with
largely on cell surface phenotype as revealed by mono- a suitable match of these specificities are able to com-
clonal antibody staining have in recent years been com- plete the maturation process (Chan et al., 1993a, 1993b;
plemented by in vitro biochemical experiments and an Davis et al., 1993; van Meerwijk and Germain, 1993,
increasing number of reports of the effect of transgene 1994).
expression or gene inactivation. The data from these Attempts to distinguish between these models have
investigations have given rise to a generally accepted, largely involved mice bearing TCR or coreceptor trans-
but still incomplete, picture of thymocyte development. genes and/or lacking expression of either MHC or core-
Commitment of multipotent hematopoietic precursors ceptor molecules. In a selection model, the constitutive
to the T cell lineage, progression of these precursors expression through transgenesis of a coreceptor whose
through several intermediate differentiation states, and MHC specificity matches that of the cell’s TCR should
extensive proliferation occur via a process independent rescue developmentof those thymocytes havingchosen
of recognition of major histocompatibility complex to maintain expression of the incorrect endogenous cor-
(MHC) molecules. The end result of these early steps in eceptor locus.Some early experiments of this type failed
to show maturation of such a population (Borgulya etthymocyte development is the production of a large
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al., 1991; Robey et al., 1991), and, when it was obtained, geneticviewpoint. The lack of agreement among investi-
gators concerning the stage of differentiation at whichthe rescue efficiency was low unless the coreceptor
lineage commitment occurs and the mechanism of thistransgene was highly overexpressed (Davis et al., 1993;
commitment severely hinders such a molecular analysis.Baron et al., 1994; Davis and Littman, 1994; Itano et al.,
A key assumption made in analyzing almost all experi-1994; Robey et al., 1994). These results suggested that
mental data on thymocyte development is that matura-an instructive model might be correct. Very recent data
tion from the CD41CD81 state to the CD41 or CD81showing that swapping the cytoplasmic tails of the CD4
states occurs in a simple manner, with expression ofand CD8 proteins alters the phenotype of maturing T
one or the other coreceptor decreasing steadily to zerocells with a fixed transgenic TCR specificity also are
while the other is maintained at its original level. Theconsistent with such an instructive model (Itano et al.,
first hint that this simple model was incorrect was pro-1996). Other results have led some investigators to pro-
vided by several recent reports demonstrating a de-pose a modified instruction model that emphasizes a
crease and then an increase in CD8 expression amongquantitative rather than qualitative effect of conjoined
thymocytes becoming CD81 mature cells (van MeerwijkTCR–coreceptor signaling on cell fate (Itano et al., 1996;
et al., 1995; Lucas et al., 1996). In addition, CD4loCD8loMatechak et al., 1996).
thymocytes were originally reported to represent a sub-A particularly influential series of studies in this area
population of TCR-signaled thymocytes undergoingsuggesting a rather different conclusion has involved
apoptotic elimination (negative selection) (Swat et al.,examining cells believed to be intermediates in the dif-
1991; Vasquez et al., 1992; Kersh and Hedrick, 1995;ferentiation of CD41CD81 cells into mature CD41 or
Kishimoto et al., 1995), but new studies have shown thatCD81 cells in mice deficient in either MHC class I or
down-regulation of both coreceptors is not obligatorilyclass II expression. In contrast with the expectations of
linked to DNA fragmentation and cell death (Kearse etthe instruction model, such mice appeared to have cells
al., 1995; Ohaka et al.,1996). Both of these sets of resultscommitted to the CD4 lineage (CD4hiCD8lo), even though
raise questions about previous models of thymocyteclass II was absent and could not have provided a CD4-
development (von Boehmer, 1986; Chan et al., 1993a;related signal (Chan et al., 1993a), or committed to the
Suzuki et al., 1995), including our own (van MeerwijkCD8 lineage (CD4loCD8hi), even though class I molecules
and Germain, 1994; Lucas et al., 1995), based on studiesable to engage CD8 were missing (Chan et al., 1993a;
involving transitional thymocytes whose apparent state
Crump et al., 1993; van Meerwijk and Germain, 1993).
of differentiation was inferred from asymmetries in CD4
These dataappeared tosupport a straightforward selec-
versus CD8 expression.
tion model, but such a simple model has been chal-
We now demonstrate here that all T cells developing
lenged by several new studies. Using intrathymic cell
past the CD41CD81 stage in normal thymi, including
transfer, it has been shown that CD41CD8lo cells contain
those undergoing the initial step of positive selection,
precursors of both CD41 and CD81 single positive thy- first substantially down-modulate both CD4 and CD8
mocytes, not only CD41 cells as might have been ex- levels uponactivation through the TCR in an MHC class–
pected (Kydd et al., 1995; Lundberg et al., 1995). Related independent manner. These coreceptor dull cells then
results have also been reported by Suzuki et al. (1995). reexpress CD4 and CD8, but in a kinetically asymmetric
Using an elegant coreceptor reexpression assay, these fashion. Only then do they show signs of lineage-related
investigators have shown that CD41CD8lo thymocytes loss of coreceptor expression, and such loss is strictly
contain subpopulations of cells able to reexpress only correlated with the class of MHC molecule available
either CD4 or CD8, consistent with their having under- for recognition by the TCR. These data showing that
gone lineage commitment. In MHC class I–deficient differentiating thymocytes undergo an unexpected se-
mice, only cells reexpressing CD4 were found among ries of cyclic and asymmetric changes in coreceptor
such CD41CD8lo thymocytes whereas, most remarkably, levels while progressing from the CD41CD81 to the
in MHC double-deficient mice, pronase treatment and CD41 and CD81 stages allow us to construct a new
reculture of CD41CD81 cells led to the apparent appear- model of thymocyte development that resolves the dis-
ance of cells expressing only CD4. Therefore, the au- crepancies that have led to incompatible hypotheses
thors concluded that thymocyte commitment to the in the past. This new understanding of the complex
CD42CD81 lineage required MHC class I–dependent in- relationships between coreceptor expression and thy-
structional signals, whereas thymocyte commitment to mocyte differentiation also invalidates arguments in fa-
the CD41CD82 lineage was MHC independent and might vor of the stochastic/selection model arising from earlier
occur by default (Suzuki et al., 1995). CD4/CD8 pheno- analyses of so-called transitional cells in MHC-deficient
typic transitions as well as kinetic production discrepan- mice. In contrast with previous results (Chan et al., 1994;
cies have also been described by others, who have Davis and Littman, 1994; Suzuki et al., 1995), they imply
likewise argued in favor of an asymmetric model of thy- that enhanced survival is the first event accompanying
mic differentiation (Lucas et al., 1993, 1995; Petrie et TCR engagement in the thymus, preceding expression
al., 1993; Lundberg and Shortman, 1994; Marodon and of a lineage commitment program involving the CD4 and
Rocha, 1994). CD8 loci that is only observed concomitantly with late
The coordination of TCR specificity with coreceptor- progression to functional maturity. Finally, these find-
defined lineage choice is one of the most striking events ings also provide a means of isolating highly purified
in T cell development. This event has great importance populations of cells for identifying the selective gene
for the functional repertoire of T cells and control of expression that underlies TCR-induced thymocyte sur-
effector activities in the peripheral immune system and vival and CD4- versus CD8-specific lineage-related dif-
ferentiation events.is also of substantial interest from a biochemical and
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Figure 1. CD3, CD4, CD8, and CD69 Expres-
sion by Normal Mouse Thymocytes
(A) Thymocytes were triple labeled with PE
anti-CD4, FITC anti-CD8, and biotinylated
anti-CD3e revealed by TC–streptavidin. On
the basis of CD4/CD8 fluorescence intensity,
six subsets were defined: CD41CD82,
CD41CD8lo, CD41CD81, CD4loCD81, CD42
CD81, and CD4loCD8lo thymocytes. CD3 fluo-
rescence intensity histograms of each of
these subsets are shown (solid line) in com-
parison with the histogram obtained by com-
parable staining of all thymocytes (broken
line).
(B) Thymocytes were stained with PE anti-
TCRb, FITC anti-CD8, red 613 anti-CD4, and
biotinylated anti-CD69 revealed by APC–
streptavidin. CD69 fluorescence intensity
histograms of CD4loCD81TCRint, CD4loCD8lo
TCRint, CD41CD8lo TCRint/hi, and CD4loCD81
TCRhi thymocytes are shown (solid line) in
comparison with that obtained by compara-
ble staining of CD41CD81TCR2/lo thymocytes
(broken line).
Results bulk of immature double positive thymocytes were de-
fined (Figure 1A). These cells can be labeled as follows:
CD41CD82TCRhi; CD41CD8loTCRint/hi; CD4loCD8loTCRint;Quantitative Characterization of CD4, CD8, and
TCR Levels on Transitional and Mature Cell CD4loCD81TCRint; CD4loCD81TCRhi; and CD42CD81TCRhi.
CD41CD82 and CD42CD81 mature single positiveSubsets in the Thymus
A major problem in comparing the results of previous cells have the highest TCR surface levels, whereas tran-
sitional cell subsets (as defined by their low expressionstudies on thymocyte populations possessing surface
TCR and coreceptor phenotypes intermediate be- of at least one coreceptor as compared with CD41CD81
immature cells) exhibit a range of surface TCR expres-tween those of precursor CD41CD81TCRlo and mature
CD41CD82TCRhi or CD42CD81TCRhi cells is the lack of sion between the low level of immature double positive
cells and the high level of mature single positive thymo-consistent definitions of the various subpopulations and
the failure always to use sufficient numbers of markers cytes. The CD4loCD81TCRint and CD4loCD8loTCRint thy-
mocytes express a similar level of receptor that is onlyto ensure distinction between outliers in a distribution
and truly distinct phenotypes. Using insights gained 3- to 4-fold more than that observed on large immature
double positive cells, which itself is only 4% of the ma-from our own previous studies in two different labora-
tories and recent results reported in the literature by ture thymocyte level (Table 1). CD41CD8loTCRint/hi thymo-
cytes exhibit a broad range of surface TCR expressionothers, we therefore first sought to create a clearer defi-
nition of the thymocyte subsets whose existence in vari- overlapping with levels observed on single positive as
well as CD4loCD81TCRint and CD4loCD8loTCRint cells.ous mouse strains has been used to guide our under-
standing of T cell differentiation. On the basis of CD3/ CD4loCD81TCRhi thymocytes have a TCR level similar
to that of CD8 single positive cells; a small fraction ofCD4/CD8 fluorescence intensity, six subpopulations of
cells expressing higher surface TCR amounts than the CD4loCD8lo cells also have a comparable high level of
Immunity
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Table 1. Comparative CD3, CD4, and CD8 Expression in the Normal Thymus
Blast CD41CD81 CD4loCD81 CD4loCD8lo CD41CD8lo CD41CD82 CD4loCD81 CD42CD81
TCRlo TCRint TCRint TCRint/hi TCRhi TCRhi TCRhi
CD3 relative meana 4.1c 15.1 21.3 57.6 100 93.3 75.2
CD4 relative meanb 125.3 32.0 23.7 88.8 100 16.3 0.8
CD8 relative meanb 143.7 57.7 17.6 13.1 1.6 79.7 100
Cell size 110.9 66.3 69.0 72.5 78.9 79.9 84.5
aCD3 relative mean is obtained by dividing CD3 mean histogram intensity of the studied subset by that measured in CD41CD82TCRhi thymocytes.
bCD4 and CD8 relative means are obtained by dividing CD4 and CD8 mean histogram intensities by those measured in CD41CD82TCRhi and
CD42CD81TCRhi thymocytes, respectively.
cEach value represents the mean of three independent experiments (at least two mice per experiment). Standard deviations were ,10% of
each value.
TCR, rather than the intermediate amount characteristic undergo up-regulation during differentiation of thymo-
cytes, and the published data suggesting that corecep-of most of the CD4loCD8lo population (Figure 1A). All
of these transitional thymocyte subpopulations express tor dull cells are not all destined to die (Kearse et al.,
1995; Ohaka et al., 1996) led us to consider the ideaCD69, an early activation marker typically induced on
mature T cells by TCR signaling (Figure 1B). This marker that CD41CD8loTCRint/hi as well as CD4loCD81TCRhi sub-
populations do not arise directly from CD41CD81 imma-is absent on the bulk of double positive TCR2/lo cells
(Figure 1B). Furthermore, all of these CD691 subpopula- ture precursors upon TCR signaling as previously imag-
ined, but rather come from CD4loCD8loTCRint/CD4lotions are absent in MHC class I and class II double-
deficient mice as well as in TCRa-deficient mice, and CD81TCRint thymocytes that constitute a single first dif-
ferentiation state following initiation of TCR-dependentthey are also missing from irradiated RAG2/2 mice that
have CD41CD81 cells lacking TCR expression (data not selection.
As a first test of this hypothesis, we analyzed theshown). Together these latter results indicate that an
MHC molecule–TCR interaction leading toCD69 expres- production kinetics of the various phenotypically de-
fined thymocyte subsets during repopulation after sub-sion is required for the generation of all the transitional
subsets in the thymus, consistent with several earlier lethal g-irradiation (Table 2). Consistent with the idea
that they represent the same differentiation state, cellsreports (Chanet al.,1993a; Crump et al., 1993; van Meer-
wijk et al., 1995), and that MHC molecule–coreceptor classifiedas CD4loCD81TCRint and CD4loCD8loTCRint both
appear on day 8 after irradiation. This is 1 day beforeinteractions alone are not sufficient to induce this activa-
tion event. CD41CD8loTCRint/hi cells are seen and 2 days before
CD4loCD81TCRhi thymocytes develop. A 2 day lag be-
tween TCRint and TCRhiCD4loCD81 cell production wasCD4loCD81TCRint and CD4loCD8loTCRint Cells
Are the First CD691 Subsets to Arise noted previously (Lucas et al., 1996) and interpreted as
evidence against a direct precursor–product relation-Following TCR Engagement
This reanalysis of the patterns and precise levels of ship between these two subsets. These findings support
the conclusion suggested above that CD4loCD8lo andcoreceptor and TCR expression on these subpopula-
tions suggested a more complex relationship among CD4loCD81 cells with intermediate expression of the
TCR (which we will henceforth refer to as CD4lothe various cells in the different phenotypic pools than
expected from traditional views of thymocyte develop- CD8lo/1TCRint cells) represent a single developmental
stage that is distinct from cells with similar CD4 andment. In particular, both CD4loCD81TCRint and CD4lo
CD8loTCRint cells express markedly lower surface CD8 levels but high expression of TCR (CD4loCD8loTCRhi
and CD4loCD81 TCRhi, respectively). These repopulationamounts of both coreceptors compared with the bulk
of double positive thymocytes and have very similar studies also imply a progression from CD4loCD8lo/1TCRint
to CD41CD8lo TCRint/hi before development into CD4losurface TCR levels (Table 1). This suggested that these
thymocytes might all be cells at the same differentiation CD81TCRhi, CD41TCRhi, or CD81TCRhi cells.
To better define the subset comprising CD4loCD8lo andstep, rather than two phenotypically and physiologically
distinct thymic subpopulations. Their apparent separa- CD4loCD81TCRint cells, the use of a fourth parameter was
required. As CD4loCD8lo and CD4loCD81TCRint cells ex-tion would have derived only from the necessary, but
arbitrary, decision required to establish CD4/CD8 analy- press CD69, and as this marker is absent on the bulk of
double positive TCR2/lo cells (Figure 1B), gating on CD691sis windows as a function of CD4/CD8 fluorescence
intensity (Figure 1A). This possibility seemed significant thymocytes allowed us to identify the CD4loCD8lo/1 cells
directly without arbitrary CD4/CD8 gating (Figure 2c). Ex-because of prior studies suggesting rather different
fates for the two subpopulations, with CD4loCD81TCRint amination of TCRexpression on these CD4loCD8lo/1CD691
cells suggests that in normal mice, this population con-cells capable of differentiating into CD81 T cells, and
CD4loCD8lo comprising a subset committed to pro- tains two subsets, one TCRint and one TCRhi (Figure 2d).
The same CD4loCD8lo/1TCRintCD691 population is seen ingrammed cell death (undergoing negative selection)
(Crump et al., 1993; van Meerwijk and Germain, 1993; either MHC class I– or MHC class II–deficient mice, in
which only one or the other coreceptor can be engagedKersh and Hedrick, 1995; Kishimoto et al., 1995). The
phenotypic overlap between CD4loCD8loTCRint and by available MHC proteins (Figures 2c and 2d). Thus, the
down-modulation of both CD4 and CD8 on this subset ofCD4loCD81TCRint cells, the knowledge that TCR levels
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Table 2. Reconstitution of the Thymus after Sublethal gIrradiation
Days after CD4loCD81 CD4loCD8lo CD41CD8lo CD41CD82 CD4loCD81 CD42CD81
Irradiation TCRint TCRint TCRint/hi TCRhi TCRhi TCRhi
Day 6 1a 1 1 2 1 3
Day 7 1 2 1 1 1 1
Day 8 22 14 4 1 1 1
Day 9 43 26 17 4 1 1
Day 10 75 47 41 22 22 3
Day 11 75 41 34 22 22 5
Day 14 69 51 48 43 36 27
aPercentages of absolute cell numbers are relative to unmanipulated controls. Each value represents the mean of two or three mice. Standard
deviations were ,10% of each value.
differentiating thymocytesappears tobe an active process sublethal g-irradiation (Table 2), we suggest that the
CD4loCD8lo/1TCRhi cells represent a later stage of devel-induced by TCR signaling, not the consequence of direct
engagement by both classes of MHC molecules. In MHC opment and that the CD4loCD8lo/1TCRintCD691 popula-
tion is the first intermediate to arise from the immatureclass I–deficient mice, only a CD4loCD8lo/1TCRintCD691
subset could be defined (Figure 2d). This indicates that CD41CD81TCRloCD692 thymocytes following TCR en-
gagement.CD4loCD8lo/1TCRhi cells require MHC class I molecules for
their generation. Furthermore, in contrast with MHC class
I–deficient mice, which lack TCRhi cells with a CD4loCD8lo/1 Progeny of CD4loCD8lo/1CD691 Cells
To examine the postulated precursor role of CD4lophenotype, MHC class II–deficient mice have a greatly
increased fraction of CD4loCD8lo/1TCRhi cells (Figure 2d). CD8lo/1CD691 cells directly, they were electronically
sorted and put in culture at 378C for 21 hr in the presence orThis is fully consistent with MHC class I contributing to
development of only some CD4loCD8lo/1TCRint cells but absence of cycloheximide (Figures3d and 3e).Asshown in
Figure 3e, CD4loCD8lo/1CD691 cells generate both CD41to generation of all CD4loCD8lo/1TCRhi cells, so that the
resultant CD4loCD8lo/1 population shows a relatively CD8lo and CD4loCD81 transitional cells in vitro. Of interest
is the fact that cells that reexpress CD4 also reexpressgreater proportion of the latter than seen in normal mice.
Based on TCR level and time of reappearance following some CD8, but to a much lower relative extent, whereas
Figure 2. The Generation of CD4loCD8lo/1
TCRintCD691 Cells and CD41CD8loTCRint Cells
Occurs after Signaling Initiated by Either MHC
Class I or MHC Class II recognition, but the
Appearance of CD4loCD8lo/1TCRhiCD691 Cells
Requires MHC Class I Expression
Thymocytes were stained with PE anti-TCRb,
FITC anti-CD8, red 613 anti-CD4, and biotinyl-
ated anti-CD69 revealed by APC–streptavidin.
CD4/CD8 fluorescence dot plots are presented
for all (a), small CD692 (b), and CD691 thymo-
cytes (c). TCR intensity histograms are shown
for normal (left), class I–deficient (middle), and
class II–deficient (right) thymocytes (d). The
TCR levelson total thymocytes areindicated by
the fine line, the levels on CD4loCD8lo/1CD691
thymocytes found in the small square in the
middle of the panels in (c) are indicated by the
thick line. Because class II–deficient thymo-
cytes exhibit higher CD4 surface expression
than normal or class I–deficient thymocytes
(Chan et al., 1993a; Marodon and Rocha, 1994),
a different gate has to be defined to character-
ize the CD4loCD8lo/1CD691 subset in these mice
(right in [c]).
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Coreceptor Expression Regulation during
Differentiation from Transitional to
Mature Thymocytes
To explore further the developmental sequence suggested
by the preceding experiments, we performed a quantita-
tive analysis of CD4 and CD8 coreceptor surface levels
on differentiating thymocytes. Cells were triple labeled
with anti-CD4, anti-CD8, and anti-CD3, and on the basis
of CD4/CD8 fluorescence intensity, a series of successive
gates was defined for the CD41CD8lo to CD41CD82 and
CD4loCD81 to CD42CD81 transitions (Figure 5A). CD4 and
CD8 relative mean fluorescence intensities were calcu-
lated for each gate, and for each transition, reported on
a CD4/CD8 graph (Figure 5A). For the CD4loCD81 to
CD42CD81 cell transition, analysis was restricted to TCRhi
thymocytes (as defined in Figure 1) to avoid contamination
by CD4loCD8lo/1TCRint cells as well as by immature CD4lo
CD81TCRlo thymocytes, which represent an earlier pre-
TCR selection step between double negative and double
positive cells.
This analysis clearly showed an increase in CD4 surface
expressionduring the CD41CD8lo to CD41CD82 cell transi-
tion that is proportional to the extent of CD8 down-regula-
Figure 3. CD4loCD8lo/1CD691 Thymocytes Are Able to Generate Both tion (Figure 5A, lower left, open squares). This result is
CD41CD8lo and CD4loCD81 Cells In Vitro unlikely toreflect contamination byCD4loCD8lo/1TCRint thy-
Thymocytes were triple labeled with PE anti-CD4, FITC anti-CD8, and mocytes in the gates inclose proximity to the large number
biotinylated anti-CD69 revealed by APC–streptavidin (a). Gating on of double positive immature cells for the followingreasons:CD691 cells (b) allowed one to characterize a CD4loCD8lo/1CD691 sub-
CD4 up-regulation appeared to be constant and approxi-population. These cells were electronically sorted (c) and put in culture
mately linear throughout the CD41CD8lo to CD41CD82 cellat 378C during21 hr in the presence (d) or absence (e) ofcycloheximide.
After culture in the absence of cycloheximide, cells reexpressing both transition (Figure 5A), whereas contamination by double
coreceptors or only CD8 could be defined. Cells were stained (f and g) positive cells should have skewed the data in the gates
with TC anti-TCRb before or after culture. TCRb fluorescence intensity near to this subpopulation; a similar coreceptor up-regula-
histograms of total (broken line in [f]) or sorted cells (solid line in [f]) tioncould be defined betweenCD41CD82HSAhi (CD4 rela-
before culture as well as of CD4loCD8lo/1CD691-derived CD41CD8lo
tive mean of 95%) and heat-stable antigen (HSA)2 singlecells (broken line in [g]) and CD4loCD81 cells (solid line in [g]) are shown.
positive cells (CD4 relative mean of 107%), i.e., even after
the total loss of CD8 expression and in a region of the
plot far away from the double positive cell population; and,
newly produced CD4loCD81 cellsonly reexpress CD8 (Fig- finally, CD4 up-regulation continued even after migration
ure 3e). Furthermore, the resultant CD41CD8lo cells have of cells from the thymus to the periphery, with CD41CD82
an intermediate TCR surface level, whereas newly pro- lymph node T cells expressing 140% of the CD4 level
duced CD4loCD81 cells are TCRhi (Figure 3g). This latter exhibited bythymic CD41CD82 single positive thymocytes
result is in accord with a four-color analysis showing that (data not shown). In normal mice, it has been suggested
most CD4loCD8lo/1CD691 thymocytes express intermedi- that CD41CD8lo thymocytes could give rise to CD42CD81
ate amounts of surface TCR (Figure 2), but also that some as well as to CD41CD82 mature thymocytes (Kydd et al.,
of these cells exhibit high TCR levels similar to those 1995; Lundberg et al., 1995).Because the presence of cells
observed on CD4loCD81TCRhi thymocytes (Figures 2 and differentiating along the CD8 pathway in the CD41CD8lo
3f). Direct evidence that the CD4loCD81TCRhi cells arise population might have accounted for the CD4 surface level
from CD4loCD8lo/1TCRhi cells, and also that these cells differences found between these cells and CD41CD82
represent a late stage of MHC class I–dependent positive cells, we have also investigated the occurrence of such
selection, came from conducting a similar study using an up-regulation in MHC class I–deficient mice in which a
CD4loCD8lo/1CD691 thymocytes from b2-microglobulin- CD41CD8lo to CD42CD81 pathway does not exist (Figures
deficient mice. These animals lack CD4loCD8lo/1TCRhi cells 2–4; Lucas et al., 1995). In such mice, similar CD4 up-
(Figures 2 and 4d), and culture of the sorted cells does regulation during maturation is seen (Figure 6a). These
not generate CD4loCD81TCRhi cells (Figure 4c). These data data all support the view that CD4 isup-regulated through-
are in complete agreement with previous studies from this out the CD4 single positive cell maturation pathway.
laboratory concerning the origin and fate of the CD4lo Symmetrically, clear CD8 up-regulation is observed dur-
CD81TCRhi population (van Meerwijk et al., 1995). All these ing the CD4loCD81 to CD42CD81 cell transition (Figure 5A,
results agree with the production kinetics found after sub- lower left, open squares). Because we have restricted our
lethal g-irradiation (Table 2) and are consistent with a analysis in thisdirection only to the thymocytesexpressing
model in which CD41CD8loTCRint/hi cells derive from high levels of TCR, contamination by CD4loCD8lo/1TCRint
CD4loCD8lo/1TCRintCD691 thymocytes and give rise to cells cannot be invoked to explain these results, and we
CD42CD81TCRhi cells (via a CD4loCD8lo/1TCRhi stage) as have also verified that CD8 up-regulation can be seen
during the CD4loCD81 to CD42CD81 cell transition evenwell as to CD41CD82TCRhi cells.
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Figure 4. CD4loCD8lo/1CD691 Cells from MHC
Class I–Deficient Mice Do Not Contain TCRhi
Cells and Do Not Give Rise to CD4loCD81TCRhi
Cells In Vitro
Thymocytes were triple labeled with PE anti-
CD4, FITC anti-CD8, and biotinylated anti-
CD69 revealed by APC–streptavidin (a).
CD4loCD8lo/1CD691 thymocytes were electron-
ically sorted and put in culture at 378C during
21 hr in the presence(b) or absence (c) of cyclo-
heximide. TCRb fluorescence intensity histo-
grams of total (broken line in [d]) or sorted (solid
line in [d]) cells before culture are shown.
in the absence of MHC class II molecules (Figure 6b). than CD8 by single positive cells. Overall, the more differ-
entiated the cells are, the less rapidly they reexpress CD8These findings further support the hypothesis that CD41
CD8loTCRint/hi as well as CD4loCD81TCRhi cells derive from protein, whereas such a hierarchy is less obvious in the
case of CD4 (Figure 7B). These results agree with thea subset expressing lower surface amounts of both core-
ceptors (“double-dull” cells). We have also calculated the observation reported above that cultured CD4loCD8lo/1
TCRintCD691 thymocytes not subjected to pronase treat-CD4 and CD8 relative means exhibited by blast-like or
small CD41CD81CD692 immature cells and by CD4lo ment give rise to CD41CD8lo cells that reexpress CD8, but
at a lower relative level than CD4 (Figure 3). This consistentCD8lo/1CD691 thymocytes (Figure 5B) and plotted these
results on the graphs showing the CD4/CD8 surface ex- kinetic discrepancy between relative CD4 and CD8 core-
ceptor reexpressionprovides a simple explanation for whypression changes during thymocyte maturation (Figure
5A). The results are in complete accord with the conclusion CD4loCD8lo/1TCRintCD691 thymocytes give rise to CD41
CD8loTCRint cells first while up-regulating coreceptor ex-that CD4loCD8lo/1CD691 cells contain the precursors of
both CD41CD8loTCRint/hi and CD4loCD81TCRhi thymocytes pression from the double-dull state.
We then assessed CD41CD8lo and CD4loCD8lo/1 thymo-(Figure 3).Moreover, we have reanalyzed these data taking
cell size into consideration (Figure 6c). The results show cytes obtained by electronic cell sorting for their ability
to reexpress one or both coreceptors after a pronasethat these changes in relative coreceptor expression levels
reflect absolute changes in surface protein density, and treatment and an overnight culture (Figure 8), keeping in
mind these data on the kinetically asymmetric nature ofnot only differences in overall surface area among the
various cell populations (Figure 6c). CD4 and CD8 reexpression.Pronase treatment and culture
of CD41CD8loTCRint thymocytes from normal mice con-
firmed the presence in this subset both of individual cellsKinetics of CD4/CD8 Reexpression and Timing
of Selective Coreceptor Shut-Off during capable of progressing along the CD4 or CD8 differentia-
tion pathways outside the thymic environment (“lineage-T Cell Development
Selective CD4 or CD8 coreceptor expression at the cell committed” thymocytes), and of cells reexpressing both
coreceptors during culture (Figure 8A). It is important tosurface as aconsequence oflossof the capacity to synthe-
size one or the other protein is the hallmark of cells com- note that, in contrast with a previous report (Suzuki et
al., 1995), all the CD41CD8loTCRint cells failing to showmitted to the CD4/Th or CD8/Tc lineages.To look for direct
evidence of such coreceptor-defined lineage commitment progression along a lineage-specific development path
nevertheless have high TCR expression after culture, dis-among the cells in thymocyte subpopulations, we studied
the active synthesis and surface membrane deposition of tinguishing them from contaminating precursor CD41
CD81 cells (Figure 8B).CD4 and CD8 using the pronase stripping/reexpression
assay devised by Suzuki et al. (1995). Thymic and lymph In contrast, examination of CD4loCD8lo/1 cells using the
same pronase stripping and reculture assay revealed thenode cells were collected and treated with pronase to
remove existing CD4 and CD8 proteins from the cell sur- presence only of cells progressing along the CD8 pathway
or reexpressing both coreceptors during culture (Figureface. CD4/CD8 reexpression by pronase-treated double
positive thymocytes as well as by thymic or lymph node 8A). The cells in the CD4loCD8lo/1 subset able to differenti-
ate toward the CD81 state (CD8 lineage committed) ex-single positive T cells was investigated after culture at
378C for various times (Figures 7A and 7B). For every cell press more TCR than the remaining cells in this population
(Figure 8B). This last result suggests that among thepopulationexamined in this manner, the relative reexpres-
sion of CD4 is substantially more rapid than for the CD8 CD4loCD8lo/1 subpopulation, TCRhi cells are clearly CD8
committed, whereas TCRint cells do not yet show evidencecoreceptor (Figure 7B). This difference between CD4 and
CD8 varies among cells in distinct stages of development, of such commitment, which is in agreement with results
foundbyculturing CD4loCD8lo/1CD691 thymocytes withoutwith CD4 being reexpressed 2-fold more rapidly than CD8
by double positive thymocytes and 4-fold more rapidly subjecting them to pronase treatment (Figure 3) and with
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Figure 5. Coreceptor Expression Modulation during Double Positive to Single Positive Cell Differentiation
(A) Thymocytes were triple labeled with PE anti-CD4, FITC anti-CD8, and biotinylated anti-CD3e revealed by TC–streptavidin. On the basis of CD4/
CD8 fluorescence intensity, successive gates were defined during the CD41CD8lo to CD41CD82 or CD4loCD81 to CD42CD81 cell transitions. For
each transition, the CD4 and CD8 relative mean histogram intensities of each of these regions were calculated and reported on a CD4/CD8 relative
mean correlation graph. For the CD4loCD81 to CD42CD81 cell transition, analysis was restricted to TCRhi thymocytes as defined in Figure 1.
(B) Thymocytes were triple labeled with PE anti-CD4, FITC anti-CD8, and biotinylated anti-CD69 revealed by TC–streptavidin. CD4 and CD8 relative
mean histogram intensities of blast or small CD41CD81CD692 and CD4loCD8lo/1CD691 cells were calculated and reported on the graphs obtained
previously for the CD41CD8lo to CD41CD82 or CD4loCD81 to CD42CD81 cell transitions (in [A]).
data showing that in the pronase assay electronically thymocytes or to CD42CD81TCRhi thymocytes through a
CD4loCD8lo/1TCRhi stage.sorted CD4loCD8lo/1TCRhi cells only reexpress CD8 mole-
cules (data not shown). These results concerning
CD4loCD8lo/1TCRhi also agree with a previous analysis of Successful Commitment to or Development along
the CD4 and CD8 Lineage Pathways Requirescells of comparable phenotype in normal versus class
I–deficient mice (van Meerwijk et al., 1995). Expression of the Relevant Class
of MHC MoleculeThus, it appears that CD4loCD8lo/1TCRintCD691 thymo-
cytes give rise to CD41CD8loTCRint/hi cells due to the 4-fold As reported above, we confirmed in these studies the
previous results of this and other laboratories showing afaster relative reexpression of CD4 compared with CD8
that follows the down-modulation of these coreceptors lack of transitional thymocytes, as defined not only by
CD4 and CD8 levels but also by CD69 expression, in miceupon initial MHC-dependent TCR signaling. Selective
shut-off of one or the other coreceptor locus, which is lackingexpression of bothMHC class I and class II surface
molecules (data not shown). These data disagree with theevidence of activation of a lineage commitment program
by the cell, is thenapparent first among CD41CD8loTCRint/hi asymmetric model of thymocyte development reported by
Suzuki et al. (1995) based on the detection of putativelycells, which either give rise directly to CD41CD82TCRhi
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Figure 6. Coreceptor Up-Regulation during
Maturation to the Single PositiveStage in MHC-
Deficient versus Normal Mice
Thymocytes were triple labeled with PE anti-
CD4, FITC anti-CD8, and biotinylatedanti-CD3e
revealed by TC–streptavidin. On the basis of
CD4/CD8 fluorescence intensity, successive
gates were defined during CD41CD8lo to
CD41CD82 or CD4loCD81 to CD42CD81 cell
transitions as defined in Figure 5. For each tran-
sition, CD4 and CD8 relative means of each of
these regions were calculated and plotted to
provide a CD4/CD8 relative mean curve for the
CD41CD8lo to CD41CD82 (a) or CD4loCD81 to
CD42CD81 (b) cell transition for each mouse
strain studied. The CD41CD8lo to CD41CD82
cell transition was studied in normal and MHC
class I–deficient mice, whereas the CD4loCD81
to CD42CD81 cell differentiation was investi-
gated in normal and MHC class II–deficient
mice. The data from Figure 5A were recalcul-
ated by dividing each expression result by rela-
tive cell size, as determined by forward scatter
(FSC), to generate (c).
CD4 lineage–committed cells in MHC class II–deficient or that some mechanism must ensure the thymic export
of only cells passing a test for the proper match betweenmice and even doubly MHC-deficient mice. In an attempt
to resolve this discrepancy, we have directly reinvesti- these two receptor specificities. Studies using mono-
clonal antibody blocking and MHC-deficient mice showgated the MHC requirements for selective active corecep-
tor expression by thymocytes using the assay described that full maturation to the CD41TCRhi or CD81TCRhi state
depends on the presence of MHC class II or MHC classby this group. Sorted CD41CD8loTCRint/hi thymocytes from
control, MHC class I–deficient, or MHC class II–deficient I molecules, respectively (Zu´n˜iga-Pflu¨cker et al., 1989,
1990; Koller et al., 1990; Zijlstra et al., 1990; Cosgrovemice were treated with pronase, then cultured overnight
(Figure 9A). Indistinction to the resultsdescribed by Suzuki et al., 1991), while analyses using TCR-transgenic mice
have demonstrated that the class of the MHC moleculeet al. (1995), we only observed progression toward the
CD41 or CD81 phenotype in strict association with the recognized by the TCR dictatessuccessful development
in each of these lineage pathways (von Boehmer, 1986;class of MHC molecule available to the TCR of the devel-
oping T cells. Thus, in class I–deficient mice, only cells Davis and Bjorkman, 1988; von Boehmer et al., 1988,
1989; Berg et al., 1989). Together, these data clearlyprogressing along the CD4 pathway are seen, whereas
only cells developing into CD81 cells are observed in argue that the thymus indeed has a mechanism for en-
suring the proper matching of TCR MHC restriction andclass II–deficient mice (Figure 9A). The cells within the
sorted CD41CD8loTCRint/hi pool that give rise to cells of coreceptor expression among those cells exported to
the peripheral immune system.mature, lineage-related phenotypes express higher ini-
tial TCR levels than thymocytes unable to show indepen- It remains unclear though how this coordination is
achieved. Because the gene rearrangement process doesdent development along a specific lineage pathway in
this assay (Figure 9B). not result in expression of TCR with predictable specificity
on anygiven cell, the minimumrequirements for any model
seeking to explain this coordination are: that successfulDiscussion
differentiation is linked to active signaling by the clonally
expressed TCR upon recognition of a self-MHC moleculeThe mutually exclusive surface expression of CD4 or
CD8 on ab TCR–bearing cells means that either many ligand; that this self-MHC molecule is of the same class
as that ultimately recognized by the same T cell togethermature T cells must have an inappropriate match be-
tween TCR ligand specificity and coreceptor class spec- with foreignpeptide;and that this TCR recognition of MHC
either controls, or is tested against, the coreceptor ulti-ificity, and hence are unlikely to be functionally useful,
Immunity
470
Figure 7. Down-Modulated CD4 Coreceptor Is Reexpressed More Rapidly Than CD8 Coreceptor
Thymic and lymph node cells were removed and treated with pronase. CD4/CD8 expression on pronase-treated double positive thymocytes as
well as on thymic or lymph node single positive T cells was investigated after different culture times at 378C.
(A) CD4/CD8 fluorescence dot plots are presented as a function of culture time. Thymic and lymph node control panels are also shown (left).
(B) CD4/CD8 relative means were calculated at different times after pronase treatment for double positive thymocytes as well as for thymic or
lymph node single positive T cells. CD4 and CD8 relative means were obtained by dividing CD4 and CD8 means by the means measured in
CD41CD82TCRhi and CD42CD81TCRhi thymocytes, respectively.
mately expressed by the cell. A growing body of evidence engaging particular MHC ligands that directly determine
the lineage fate of bipotential precursor cells (instruc-indicates that the first two conditions are met through
intrathymic recognition of self-peptide–MHC molecule an- tional models)? Although this issue will ultimately be
resolved by molecular genetic studies that trace thealogs of the eventual foreign peptide–MHC molecule ago-
nist (Hogquist et al., 1994; Jameson et al., 1994). At least factors regulating lineage-defining genes, especially the
CD4 and CD8 loci themselves, too little is known aboutfor peripheral T cells, such variant ligands have partial
agonist properties, resulting in a particular form of TCR- these genetic events to draw useful conclusions at pres-
ent. In lieu of such a molecular explanation, many at-dependent signal transduction (Sloan-Lancaster et al.,
1994; Madrenas et al., 1995) adequate to drive differentia- tempts have been made to discriminate between these
models based on the cellular phenotypes observedtionof CD41CD81TCRlo precursors (positive selection)and
necessary to avoid the concomitant induction of pro- upon manipulation of TCR, coreceptor, and MHC mole-
cules expressed in the thymic environment. These stud-grammed cell death (negative selection).
It is necessary to distinguish between two main alter- ies have all relied on the knowledge that both CD41
and CD81 T cells derive from CD41CD81 precursorsnatives to understand how the third condition is met.
Do the developing T cells activate their lineage-specific (Fowlkes et al., 1985; Pe´nit, 1986; Pe´nit and Vasseur,
1989; Guidos et al., 1990; Lundberg and Shortman,1994)genetic programs independently of MHC class–specific
biochemical events and then later test for the proper and the assumption that differentiation from this precur-
sor to the mature state reflects the shut-off of either thechoice of retained coreceptor expression via additional
MHC-dependent recognition and signaling events (se- CD4 or the CD8 gene, followed by progressive decay
in surface expression of the corresponding protein tolection models)? Or do distinct biochemical events ac-
company initial signaling by TCR–coreceptor complexes yield single positive cells.
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Figure 8. Differing Capacities of CD41CD8lo
and CD4loCD8lo/1 T Cells to Differentiate Spon-
taneously along the CD4 or CD8 Development
Pathway
(A) Total thymocytesas well as purified popula-
tionsof CD41CD8lo andCD4loCD81 thymocytes
(upper panels) obtained by electronic cell sort-
ing were assessed for apparent lineage com-
mitment by their ability to actively reexpress
one or both coreceptors after a pronase treat-
ment and an overnight culture (lower panels).
Cells reexpressing CD4 (1), CD8 (3), or both
coreceptors (2) could be defined among
CD41CD8lo thymocytes, whereas only cells
able to reexpress both coreceptors (2) or CD8
(3) alone were found after pronase treatment
of CD4loCD8lo/1 thymocytes.
(B) All thymocytes or sorted thymocytes were
stained with biotinylated anti-CD3e revealed by
TC–streptavidin before (upper panels) or after
(lower panels) pronase assay. CD3 fluores-
cence intensity histograms for sorted (upper
panels, solid line) or all (upper panels, broken
line) thymocytes. CD3eexpression on pronase-
treated cells after culture at 378C was deter-
minedon the individualcell populationsdefined
by the indicated number (as in [A]).
The latter assumption was given strong support by direct evidence for the lineage-committed status of the
transitional cells. Recent reports that T cells passGuidos et al. (1990), who analyzed the fate of CD41CD81
blasts transferred intrathymically and showed a time- through a CD8lo stage between the CD41CD81 and CD81
mature states raised questions about the relationshipdependent shift in surface CD4/CD8 phenotype. They
also analyzed gated subpopulations of thymocytes with between phenotype and lineage (van Meerwijk et al.,
1995; Lucas et al., 1996). In addition, intrathymic transferdecreasing CD8 or CD4 expression and showed that
TCR levels increased as the expression of one or the studies and in vitro analysis of coreceptor reexpression
after proteolytic removal of surface coreceptors showedother coreceptor declined (Guidos et al., 1990). These
studiesbecame the basis for later examination of thymo- that CD41CD8lo cells unexpectedly contain precursors
of CD81 cells (Kydd et al., 1995; Lundberg et al., 1995;cytes from MHC class I– or class II–deficient mice, in
which the surprising observation was made of cells with Suzuki et al., 1995). These data pointed to a complexity
in coreceptor expression during thymocyte maturationphenotypes suggesting progression along the CD4
pathway (CD41CD8lo) or CD8 pathway (CD4loCD81) inconsistent with simple notions of progressive extinc-
tion from the CD41CD81 stage. Finally, the early conclu-when the MHC class required for development of the
mature product of these lineages (class II or class I, sion that CD41CD81 thymocytes that lose expression
of both coreceptors upon TCR ligation are destined torespectively) was missing (Chan et al., 1993a; Crump
et al., 1993; van Meerwijk and Germain, 1993). On the undergo programmed cell death (Swat et al., 1991) has
been found to be not entirely correct (Kearse et al., 1995;assumption that these transitional phenotypes reflected
commitment to a lineage, these data were taken as Kishimoto et al., 1995). Although cells that will die after
TCR signaling are CD4loCD8lo, not all cells with this sur-strong support for a selection model of development,
as such cells clearly could not have arisen in the MHC- face phenotype necessarily undergo apoptosis. This
raised the question of the fate of such cells and theirdeficient mice as a consequence of instructive signals
derived from specific coreceptor–MHC molecule inter- relationship to cells undergoing successful selection.
In the present study, we have used multiparameteractions, because such interactions were lacking in these
animals. flow cytometric analysis of freshly isolated thymocytes,
of thymocytes isolated by electronic cell sorting andOne missing control in such studies, however, was
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Figure 9. Lineage Commitment of CD41CD8lo
Thymocytes in MHC-Deficient versus Normal
Mice
(A) MHC requirement for CD4/CD8 lineage
commitment in the thymus as defined by active
coreceptor expression. Sorted CD41CD8lo thy-
mocytes (middle panels) from control, IKO, or
IIKO mice were assessed for their ability to
reexpress one or both coreceptors after a pro-
nase treatment and an overnight culture (lower
panels).
(B) CD41CD8lo thymocytes unable to progress
spontaneously in vitro toward the CD4 or CD8
mature phenotype express lower TCR density
than CD4 or CD8 lineage–committed cells.
Sorted CD41CD8lo thymocytes were stained
with biotinylated anti-CD3e revealed by TC–
streptavidin after pronase treatment and cul-
ture. The CD3 relative mean of CD4, CD8, or
CD4/CD8 reexpressing cells was calculated by
dividing the CD3 mean in each subset by the
mean corresponding to all CD41CD8lo thymo-
cytes after pronase treatment.
then recultured with and without pronase stripping of CD8 by 2- to 4-fold, giving rise to CD41CD8lo cells, again
irrespective of the MHC class involved in the initial acti-surface coreceptors, and of cells repopulating the thy-
mus after g-irradiation to reinvestigate the sequence of vating event. Duringor upon completion of the transition
from CD4loCD8lo/1TCRint to CD41CD8loTCRint, lineage-events that accompanies TCR signaling for differentia-
tion in the thymus. Our data argue strongly for a se- specific gene regulation begins to be manifest, such
that among the latter but not the former population, onequence of events that differs markedly from existing
models and have implications for the debate concerning can identify cells that will, without explicit additional
signals, show evidence of MHC class–related shut-offselective versus instructive models of lineage commit-
ment, for the interpretations placed on previous data of either CD4 or CD8 and development into CD41 or
CD81TCRhi cells in vitro (Figure 10d).using coreceptor down-modulation in vitro as an assay
for thymocyte negative selection, and for attempts to This model provides a single, coherent picture of thy-
mocyte development consistent with a large body ofidentify the genetic events underlying thymocyte devel-
opment. Rather than lineage-specific coreceptor loss, existing data, including results that were only partially
integrated into previous models (Figures 10a–10c). Thewe found that extensive down-modulation of both CD4
and CD8 accompanies TCR signaling of CD41CD81 thy- existence of CD4loCD81 and CD41CD8lo intermediates
in class I– or class II–deficient mice, respectively, canmocytes, irrespective of the MHC class involved in the
TCR engagement event. This is followed over the next now be understood as arising from the fact that both
subsets are part of a common pathway of developmentday by reexpression of both CD4 and CD8; however,
the relative rate of CD4 reexpression exceeds that of in both the CD4 and CD8 lineages (Chan et al., 1993a;
Revised Model for Thymocyte Differentiation
473
Figure 10. Revised Model of Thymic Differentiation
Schematic representation of sequential events in CD4/CD8 T cell differentiation and commitment. Classical instructive and selective models ([a]
and [b], respectively), asymmetric commitment model (c), and newly proposed “complex coreceptor modulation” model (d) are shown. The steps
in thymocyte development according to this last model are as follows: most of CD41CD81TCRlo immature thymocytes never signal adequately
through their TCR and therefore die by neglect. Suitable TCR engagement at this stage induces TCR up-regulation and CD69 expression at the
same time it causes down-modulation of both coreceptors. Most or all of these CD4loCD8lo/1TCRintCD691 thymocytes that are not signaled to die
(i.e., that do not undergo negative selection at this stage) are able to reexpress both coreceptors. As relative CD4 reexpression is faster than CD8
reexpression, these coreceptor double-dull cells then give rise to CD41CD8loTCRint thymocytes. At this state, the cells activate a lineage-specific
differentiation program that results in selective suppression of CD4 or CD8 synthesis. Only cells whose TCR have engaged MHC class II molecules
are able to navigate this entire pathway and down-regulate residual CD8 coreceptor expression to generate mature CD41CD82TCRhi thymocytes,
whereas only cells whose TCR have engaged MHC class I molecules continue their CD8 reexpression while turning off CD4 synthesis, giving rise
to mature CD42CD81TCRhi mature thymocytes that first pass through a CD4loCD8lo/1TCRhi stage. This results in the well-recognized link between
TCR specificity and coreceptor expression phenotype of developing T cells and argues against default commitment to the CD4 lineage, but does
not distinguish between instructive and selective models for the linkage between MHC class recognition and mature phenotype.
Crump et al., 1993; van Meerwijk and Germain, 1993). CD8lo phenotype as a consequence of the asymmetric
rate of coreceptor reexpression following the down-The kinetic differences and asymmetries in phenotype
seen for cells progressing toward CD41 versus CD81 modulation that accompanies initiation of positive selec-
tion due to TCR–MHC interaction. We find no evidencecells appear to reflect the fact that the time required for
a CD4-committed CD41CD8lo cell to lose residual CD8 that all cells of this phenotype have activated a genetic
program related to the CD4 pathway, in particular byexpression is less than the time required for a CD8-
committed CD41CD8lo cell to lose its high level of ex- default or without MHC-dependent signals; to the con-
trary, we only find these cells in mice expressing at leastpressed CD4 and to reexpress CD8 fully (Lucas et al.,
1993, 1994; Petrie et al., 1993; Lundberg and Shortman, one class of MHC molecule, but we find them in mice
with either class I or class II expression.1994; Marodon and Rocha, 1994). Moreover, this pro-
posed pathway provides a simple and clear explanation To the extent that it can be evaluated at present, it
appears that all thymocytes engaging their TCR in afor the observations of Lundberg et al. (1995) and Suzuki
et al. (1995) showing the presence of CD8 lineage cells manner adequate to initiate positive or negative selec-
tion up-regulate CD69 expression and diminish core-among CD41CD8lo thymocytes (Kydd et al., 1995). These
data, however, argue against the conclusion reached ceptor expression. The passage of positively selecting
cells through a coreceptor double-dull state raises con-by Suzuki et al. that CD41CD8lo thymocytes represent
cells initiating a default selection program along the CD4 cerns about prior studies that use the development of
this phenotype upon TCR ligation in vitro as an analogpathway and then switching to the CD8 lineage owing
to instructive signals received from MHC class I ligands. for thymocyte negative selection (Page et al., 1994;
Spain et al., 1994; Williams et al., 1996). In these studiesOur results demonstrate that cells with patterns of active
coreceptor biosynthesis characteristic of CD4 or CD8 it may be that TCR signaling per se is being measured,
rather than signaling for death as the authors presumed.lineage–committed thymocytes both acquire the CD41
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In terms of the debate between instruction and selection programmed cell death while survival-promoting mole-
cules are produced (e.g., Bcl-2; Veis et al., 1993) and maymodels, the present results invalidate arguments in favor
of the latter, including those offered by this laboratory, also facilitate changes in integrin function that could
be necessary for release of the precursor cells fromthat were based on the detection of putatively lineage-
committed cells of the “wrong” type in MHC class I– or subcapsular stromal cells and migration to the inner
cortex and medulla. Detachment from the initial pres-class II–deficient mice. Because coreceptor expression
change upon TCR signaling is neither progressive nor enting cell could in turn lead to transient loss of TCR
engagement, providing the opportunity for coreceptorlineage-specific until after the CD41CD8lo stage, and
even at this point, can only be seen after removal of reexpression, while subsequently bringing the T cell into
contact with distinct stromal cells that could deliver anti-preexisting coreceptor molecules by enzymatic treat-
ment, it is not possible to use the appearance of transi- gen-specific or unspecific signals (or both), leading to
initiation of later stages in the differentiation program.tional phenotype cells to argue that this event occurs
independently of specific signals generated by corecep- This scenario would account for the 1–2 day delay in
the appearance of cells with evidence of lineage com-tor–MHC interaction.
We only observe cells showing evidence of biochemi- mitment after initial signaling, although an alternative
and plausible explanation for this delay could simply becal–genetic commitment to a coreceptor-defined lin-
eage upon differentiation to the CD41CD8lo state. One the time it takes for new gene expression initiated in the
CD41CD81 state to produce intracellular factors in-possibility is that this indicates that the initial signaling
event simply rescues CD41CD81 cells from “death by volved in the next set of differentiation events, such as
silencing of the CD4 or CD8 loci.neglect” without leading to lineage commitment and
that an additional TCR-dependent (and presumably co- The more rapid up-regulation of CD4 than of CD8 after
the double-dull stage raises a number of issues. CD8receptor-dependent) instructive signal is needed at the
CD41CD8lo state for lineage choice and inactivation of binds Lck less well than CD4 and competes inefficiently
for this key kinase with coexpressed CD4 (Veillette etthe CD4 or CD8 locus. Instructive lineage commitment
could also occur indirect response to the initial signaling al., 1988; Ravichandran and Burakoff, 1994; Wiest et al.,
1996). If the level of CD8-associated Lck is low even inevent at the CD41CD81 stage, butwith a delay inexpres-
sion of the relevant genetic program due to the time CD41CD81 cells, then one would imagine that very little
Lck at all is associated with CD8 in the cells changingnecessary for sequential intracellular events to occur.
Alternatively, if lineage commitment takes place inde- from double-dull to CD41CD8lo. This might in part ex-
plain the greater number of mature CD41 versus CD81pendently of the MHC class specificity of the TCR either
before or at the time of initial signaling, a selective event T cells produced in these thymi. Conversely, negative
selection in the context of MHC class II ligands coulddependent oncoordinated TCR and coreceptor function
must be required at the CD41CD8lo stage for inactivation occur in an extremely efficient manner, in accord with
the idea that deletion of MHC class II–responsive cellsof a coreceptor locus. However, the coreceptor extinc-
tion program is already entrained when the cells are may be of greater importance for operational self-toler-
ance. Our data also reveal an unappreciated continuedCD41CD8lo. Because bothclass I– and class II–restricted
cells pass through the same phenotypic changes in CD4 increase in CD4 coreceptor level after T cell export to
the periphery. Recent results indicate that the surfaceand CD8 expression until exiting this stage, these find-
ings make untenable simple selection models in which availability of Lck-associated coreceptors (Nakayama
et al., 1993; Davis and Littman, 1995) plays a criticala lack of surface expression of the needed coreceptor
prevents a cell that has made the wrong lineage choice role in determining the agonist versus partial agonist
characteristics of TCR ligands (Jameson et al., 1994;from developing fully because of deficient signaling
(Chan et al., 1993a; Davis et al., 1993). Instead, one must Mannie et al., 1995). The continued increase in CD4
expression by mature T cells without a concomitantpostulate some as yet undetected intracellular differen-
tiation event that distinguishes cells programmed for the rise in Lck (Olszowy et al., 1995) would lead to a lower
proportion of kinase-associated coreceptors in theseCD4 versus CD8 pathways that permits only TCR2CD42
MHC class II signaling to be effective in the CD4-pre- cells. Such a relative decrease in functional coreceptors
could account for the observation that negative selec-committed cells, and vice versa for CD8-committed
cells, as they are transiting from the double-dull to the tion of thymocytes occurs with ligands lacking obvious
agonist function for mature cells bearing the same TCR.CD41CD8lo stage.
The mechanism responsible for the decreased ex- This could provide a mechanism for ensuring a margin
of safety in establishing a self-tolerant state to ligandspression of both CD4 and CD8 upon initial TCR signaling
of CD41CD81 thymocytes is not known. Whether CD4 on critical antigen-presenting cells, such as dendritic
cells present in both the thymus and periphery, by max-and CD8 down-modulation in response to TCR signaling
reflects increased internalization, decreased production imizing the likelihood that self-peptide–MHC molecule
ligands lack agonist function for mature T cells. Presum-due to transient shut-off of the respective genes, or both
events, however, the reexpression of these molecules ably, the price paid in sensitivity to foreign antigens is
more than compensated for by a reduced likelihood ofthat follows could indicate that such signaling ceases,
i.e., that engagement of the TCR by thymic ligands is dangerous autoreactivity.
T cell development is one of the most fully explorednot continuous. The initial rapid reduction in coreceptor
levels could reduce or eliminate effective signaling even models of mammalian cell differentiation at the pheno-
typic level. The revised description provided here ofin the continued presence of the selecting ligand. Lim-
iting signal transduction in this manner may help prevent the surface molecule changes accompanying positive
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min at 378C. An equal volume of FCS was added to quench pronaseselection of thymocytes will permit the preparation of
activity, and cells were washed, distributed in 24-well culture plates,cell populations containing cells prior to, at the start of,
and incubated at either 48C or 378C for 21 hr before restainingand late in the selection process, with knowledge of
for analysis. Cells cultured at 378C in the presence of 10 mg/ml
the stage at which at least the lineage-defining gene cycloheximide as well as cells cultured at 48C allowed us to verify
regulatory events (CD4 or CD8 extinction) have just oc- the efficiency of the pronase treatment, as well as to show that CD4/
CD8 reexpression required new protein synthesis, in agreement withcurred. The capacity to use this phenotypic data to iso-
the previous results of Suzuki et al. (1995) (data not shown).late highly purified cell subpopulations for RNA prepara-
tion makes this an ideal model for application of
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